The baboon provides a model of photosensitive, generalized epilepsy. This study compares cerebral blood flow responses during intermittent light stimulation (ILS) between photosensitive (PS) and healthy control (CTL) baboons using H 2 15 O-PET. We examined effective connectivity associated with visual stimulation in both groups using structural equation modeling (SEM). Eight PS and six CTL baboons, matched for age, gender and weight, were classified on the basis of scalp EEG findings performed during the neuroimaging studies. Five H 2 15 O-PET studies were acquired alternating between resting and activation (ILS at 25 Hz) scans. PET images were acquired in 3D mode and co-registered with MRI. SEM demonstrated differences in neural connectivity between PS and CTL groups during ILS that were not previously identified using traditional activation analyses. First-level pathways consisted of similar posterior-to-anterior projections in both groups. While second-level pathways were mainly lateralized to the left hemisphere in the CTL group, they consisted of bilateral anterior-to-posterior projections in the PS baboons. Third-and fourth-level pathways were only evident in PS baboons. This is the first functional neuroimaging study used to model the photoparoxysmal response (PPR) using a primate model of photosensitive, generalized epilepsy. Evidence of increased interhemispheric connectivity and bidirectional feedback loops in the PS baboons represents electrophysiological synchronization associated with the generation of epileptic discharges. PS baboons demonstrated decreased model stability compared to controls, which may be attributed to greater variability in the driving response or PPRs, or to the influence of regions not included in the model.
Introduction
Although almost 40 % of individuals with recurrent unprovoked seizures have genetic generalized epilepsy (GGE; http://www.epilepsyfoundation.org/about/statistics. cfm), little is known about the underlying mechanisms. Photosensitivity, i.e., the ability to trigger ictal and interictal epileptic discharges with intermittent light stimulation (ILS), provides a window into the mechanisms of generalized epilepsies. Photoparoxysmal responses (PPRs) represent interictal epileptic discharges (IEDs) whereas photoconvulsive responses (PCRs) describe myoclonic, tonic or generalized tonic-clonic seizures associated with an ictal discharge. There is still debate regarding the mechanisms underlying PPRs. While PPRs in humans undergoing scalp EEG can be posteriorly predominant initially, generalized IEDs are characterized with a more frontal distribution (Kasteleijn-Nolst Trenité 1989) . Recent neuroimaging studies using magnetoencephalography (MEG; Parra et al. 2003 ) and blood oxygen level-dependent (BOLD) functional MRI (Moeller et al. 2009 ) evaluated electrophysiological and cerebral blood flow (CBF) changes prior to PPRs. Both studies demonstrated synchronization and activation of the parietal cortices prior to PPRs and PCRs, respectively (Parra et al. 2003; Moeller et al. 2009 ). Nonetheless, a recent study modeling scalp EEG responses suggested that PPRs and PCRs were generated frontally (Varotto et al. 2012) , resonating with earlier electrophysiological studies in the photosensitive baboon which suggested that the PPRs and PCRs were generated in the frontorolandic cortices, whereas the occipital lobes served only as a trigger (Fischer-Williams et al. 1968; Naquet et al. 1975) .
Photosensitivity studies in humans are limited by movement artifact, the risk of activating generalized seizures, and by potential suppression of the photosensitivity by antiepileptic medications. Because of these safety considerations in humans, and the potential to map these responses electrophysiologically with intracranial electrodes, an appropriate animal model is important. The epileptic baboon represents a natural animal model of photosensitive, generalized epilepsy (Killam 1979) . Epileptic baboons exhibit rare spontaneous myoclonic and generalized tonicclonic seizures, similar to those seen in humans with GGE. The epileptic baboon also demonstrates PPRs and PCRs resembling those recorded in humans. Among nonhuman primates, the baboon is well adapted to neuroimaging due to its brain size and similar structural and functional cortical anatomy.
H 2
15
O-PET also provides a direct means to evaluate CBF changes associated with physiological activation of the visual (Mintun et al. 1989 ) and extrastriatal (Mentis et al. 1997 ) cortices with ILS. Because of the relative ease of monitoring clinical seizure activity during radiotracer-uptake-since the baboons were not paralyzed-and of scalp EEG activity between PET scans, our group utilized H 2 15 O-PET to evaluate the CBF changes in the visual network underlying the photosensitive epilepsy of baboons (Szabó et al. 2007 (Szabó et al. , 2011 . We decided to evaluate differences in inter-regional effective connectivity in PS and CTL groups as differences were found on previous comparisons of regional CBF responses during ILS (Szabó et al. 2007 (Szabó et al. , 2011 .
In the present study, we extend beyond these prior neuroimaging activation analyses of functional connectivity (Szabó et al. 2007 (Szabó et al. , 2011 , and investigate the ''effective'' connectivity of the network associated with photosensitivity in epileptic baboons, as delineated by the causal inference relationships between neural regions during the visual stimulation (Friston et al. 1993) . Evaluation of the effective connectivity associated with the photoparoxysmal response provides a model for altered cortico-cortical interactions associated with photosensitivity. Effective connectivity was examined using structural equation modeling (SEM)-a well-established statistical technique used to test and estimate causal relationships (Schumacker and Lomax 2004) in which models are composed of variables representing brain regions and paths representing connections between brain regions (McIntosh et al. 1994; Laird et al. 2008; Price et al. 2009 ). SEM is the analytic technique of choice because of the single-capture nature of PET. Other connectivity modeling techniques, such as Granger causality and dynamic causal modeling, are applied models defined a priori, and require time series data to model connectivity between regions typically acquired by functional MRI.
As a statistical analysis method, SEM computes partial correlations among a set of mutually influential variables (Harris 1975) . Although not originally created for neuralsystem modeling, SEM has proven to be remarkably well suited for modeling connectivity in a variety of modalities and paradigms (McIntosh et al. 1994) , and has a wellestablished literature base (Zhuang et al. 2005; Peltier et al. 2007; Laird et al. 2008) . SEM uses fit statistics generated from assessing the extent of difference between the observed covariance matrix of the data and one generated by the model to determine overall fit of the model and suggest improvements in an exploratory setting. Optimal SEM models seek maximal covariance between regions of interest using as few connections as possible.
As SEM can be used to model the covariance between regional time series using a linear equation system yielding unidirectional path weights, we were able to examine connections between brain regions and, subsequently, make inferences regarding regional influences. Here, we modeled the CBF changes during a visual stimulation, with the response originating from the occipital lobes. Path weights were calculated for each level of connectivity (i.e., projections from visual cortices represent the first-level, subsequent projections from the target nodes represent the second-level pathways). The resultant connectivity observed between regions associated with the visual network was then evaluated during physiological and photoparoxysmal CBF responses to ILS.
The overall objective of this study was to map the effective connectivity of the physiological response in healthy baboons to ILS and of pathophysiological networks associated with photosensitivity. We hypothesized that SEM would reveal symmetrical physiological pathways emanating from the visual cortices, with activation of more extensive frontoparietal cortico-cortical circuits subserving the epileptic networks in the photosensitive baboons (Szabó et al. 2007 ).
Methods
The baboon represents a natural model of GGE. Epileptic baboons usually demonstrate sporadic spontaneous myoclonic or generalized tonic-clonic seizures and have both generalized ictal and interictal discharges on scalp EEG ). More importantly, interictal epileptic discharges and seizures may be provoked by ILS in about 40 % of the epileptic baboons, providing a reliable tool to provoke PPRs or PCRs in a laboratory setting. Eight photosensitive (PS) and six control (CTL) baboons (Papio hamadryas (P.h.) Anubis and hybrids) were selected from a database of animals housed at the Southwest National Primate Regional Center (SNPRC) at the Texas Biomedical Research Institute (TBRI; San Antonio, TX, USA) that had undergone scalp EEG studies . Four (50 %) PS baboons had a history of spontaneous seizures and seven (88 %) had IEDs and photoepileptic responses on a previous scalp EEG study. Nonetheless, all of the PS baboons were selected on the basis of positive PPRs and PCRs during the PET scans. Six (75 %) PS baboons also had IEDs during the resting scans. None of the CTL animals had positive PPRs or PCRs during their PET scans, or myoclonic seizures or IEDs during their resting scans. None of the CTL baboons had a history of spontaneous seizures and all had previously normal scalp EEG studies.
PPRs were defined as the average IED rate during activation scans being at least twice the rate in the averaged resting trials for each baboon, and PCRs as an activation or increase of myoclonic seizures (PCR) compared to baseline. The presence or absence of PPR or PCR responses as well as the level of sedation was assessed by review of scalp EEG as described previously (Szabó et al. 2007 ). There were no significant differences in age or weight between the PS and CTL groups by two-tailed Student t tests (a \ 0.05) ( Table 1 ). The baboons were treated in strict accordance with the US Public Health Service's Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act (Committee for the Update 2011). The Institutional Animal Care and Use Committees of UTHSCSA and TBRI approved this study. The PET studies were performed in the morning, when baboons are maximally photosensitive (Killam 1979 ).
PET and MRI scans EEG electrodes were affixed and soft restraints and facemask or Velcro straps were fitted to limit head movement in the scanner. A continuous ketamine (KetaVed, Phoenix Scientific, St. Joseph, Missouri, USA) infusion (initially at 6 mg/kg/h) was then started. Atropine (0.5 mg) was given intramuscularly to reduce oropharyngeal secretions. The animals' EEG, respiration and movement were monitored to assure adequate, but minimal sedation. Dynamic PET images were acquired on a CTI/Siemens HR ? scanner (Siemens, Munich, Germany; 63 contiguous slices, 2.4 mm thickness, 12 frames of 10 s each) in 3D mode; a transmission scan was performed for attenuation correction. PET processing, including correction of inter-frame and inter-scan motion, is described elsewhere (Szabó et al. 2007 (Szabó et al. , 2011 . Each baboon received five injections of radioactive tracer (20 mCi H 2 15 O), with each injection delivered at 8-to 10-min intervals. The first, third and fifth scans measured resting CBF, during which the baboons remained in a lightly sedated state, while ILS was delivered at 25 Hz during the second and fourth scans, starting 60 s before until 90 s after the injection of the radiotracer (for block design, see Fig. 1 ). Scalp EEG was simultaneously recorded using eight scalp electrodes (Nihon Kohden, Japan). As the PET and EEG were not supported on the same platform, the EEG recording was marked at the time of each injection. From 28 activation and 42 resting scans that were acquired, 26 activation and 30 resting scans were included in the analysis (Table 1 ). The remaining scans were excluded either because of motion artifact or oversedation. Overall, photoepileptic events, including brief IEDs and myoclonic seizures (\0.5 s), were increased in the PS group from 2 ± 3 (median 1) at rest per 90 s H 2 15 Ouptake period to 7 ± 4 (median 7) during ILS.
At the end of each PET session, a high-resolution (500 lm isotropic), high gray-matter/white-matter contrast (*25 %) and T1-weighted (*25 signal-to-noise) images were acquired using a retrospective motion-corrected protocol on Siemens 3T Trio MRI scanner (Siemens, Munich, Germany). MRI processing, as well as PET/MRI coregistration, was described elsewhere ( Fig. 1 ; Szabó et al. 2007 Szabó et al. , 2011 Lancaster et al. 1999 ).
Structural equation modeling
Eight homologous regions of interest were identified using a data-driven composite of the results obtained from both statistical parametric imaging and covariance mapping during the ILS/PET sessions; as reported previously, these regions were consistently activated during ILS/PET sessions (Szabó et al. 2011 ). Since, we utilized a data-driven approach, brain regions-such as the thalamus-whose group averages for activation or deactivation did not reach statistical significance in either the ILS/PET statistical parametric or covariance maps were not included in the SEM model. In a previous analysis, performed on the same PET dataset (8 PS and 6 CTL baboons) presented in this study, Szabó et al. (2011) found that there were no significant global or regional CBF differences between the PS and CTL baboon groups at rest, despite evidence of a few (median = 1) ictal or interictal epileptic discharges in the PS group.
The eight ROIs included: the primary visual (V1) and primary motor areas (M1), parietotemporal (PT), anterior inferior parietal lobe (AIP), superior parietal lobe (SP), anterior cingulate (AC), orbitofrontal regions (OF), and posterior cingulate (PC). The averaged, value normalized PET counts were extracted from all ROIs with cubic volumes of 1000 mm 3 . These data were analyzed using Amos 7.0 for SEM (Arbuckle 2006) . Each ROI was modeled as an observed variable, while ILS rate was modeled as a Fig. 1 Acquisition and ROI selection. The block design of the PET acquisition is shown. Once acquired, the PET and MRI raw images were spatially processed, then analyzed using statistical parametric imaging and covariance mapping to determine the ROIs used for SEM. This figure was adapted from Szabó et al. (2011) and has been reproduced with permission separate observed variable directly modulating the stimulated site (i.e., bilateral visual cortices). The values of this intensity variable were 0 (representing the rest condition) and 1 (representing the condition in which ILS was applied at 25 Hz). Error terms on each ROI were modeled as unknown and exogenous variables and the regression weights of these error terms were set to a value of 1.
As mentioned above, rather than postulate a structural equation model based on a priori assumptions (confirmatory SEM), we proceeded with a data-driven, model-generating procedure to identify the best-fit model for the given data set (exploratory SEM; Laird et al. 2008) . We assumed that all regional connections were dependent upon the occipital lobe stimulation with ILS; hence, this initial interaction was explicitly modeled in the analysis. The exploratory SEM analysis was performed stepwise, beginning with a unidirectional input path that linked ILS to the occipital regions. From these original paths, all other ROIs were postulated as unidirectional output paths from the stimulation site. Each path was tested using the exploratory specification search function in SPSS Amos (IBM, Inc.; Arbuckle 2006). Specification searches allow for a large number of candidate models to be simultaneously tested using optional unidirectional path loadings to determine the most appropriate choice based on fit, parsimony, and interpretability. These initial connections originating from the site of stimulation (i.e., V1/V2) were considered to be first-level connections; once these were established, second-level paths were tested from each of the primary connections, and the third-level paths from the secondary connections, and so forth, until this iterative procedure failed to identify any further paths to improve model fit, resulting in a fully specified model. We utilized the root mean square error of approximation (RMSEA), tucker lewis index (TLI), goodness of fit index (GFI) to assess overall model fit and the Bayes information criterion (BIC) was used to prevent over-fitting (Laird et al. 2008) .
Results

SEM in healthy baboons
The number of data points in the CTL group was 21 (6 subjects, 2 conditions, 12 rest and 9 ILS trials) with 16 variables: 8 observed, endogenous variables for each ROI and 8 unobserved, exogenous variables representing the error terms loaded onto those ROIs. The PC and inferior parietal regions, as well as the right SP, AC, OF and PT regions did not demonstrate significant connectivity, and were not included in the model.
Model fit statistics
Measures of model goodness of fit for two levels of specification searches (Table 2) show that as expected, the initial model did not fit the data well and the second round of specification searches generated an extremely large increase in the P value, resulting in the non-significance of the model (P \ 0.0003 for first-level paths to P = 0.987 for second-level paths; Table 2 ). This large transition indicates the introduction of critical paths during the second level of the analysis. After the second round of specification searches, the estimates were calculated and it was determined that the overall final model fit was outstanding (v 2 = 2.731, df = 10, P = 0.987, TLI = 1.205, GFI = 0.921, RMSEA = 0.0000). These statistics indicate little difference between the sample variance-covariance Fig. 2 Final model of effective connectivity in visual networks of CTL and PS baboons exposed to ILS. a The CTL group, b the PS group. Black arrows first-level paths from visual cortices, black, striped arrows second-level paths, gray arrows third-level paths, and gray, striped arrows fourthlevel paths. L left, R right, V1 primary visual, SP superior parietal, PT parietotemporal, M1 primary motor, AC anterior cingulate, OF orbitofrontal cortices Brain Struct Funct (2016 Funct ( ) 221:2023 Funct ( -2033 Funct ( 2027 matrix and the reproduced variance-covariance matrix implied by this model (Schumacker and Lomax 2004) .
Effective connectivity of the visual system
The effective connectivity of the visual system in healthy baboons as modeled by SEM is shown in Fig. 2a . Regression weights for these paths can be seen in Table 3 . The first-level pathways were symmetrical, revealing visuomotor connectivity within each hemisphere. The right (R) V1 demonstrated significant connectivity to left (L) hemispheric regions, including LOF, LAC and LM1 cortices, while LV1 demonstrated significant connectivity to LSP and RV1. The second-level pathways arose from LPT, LSP, LAC, LOF and RM1 regions, most of these converging on left M1. A non-recursive loop is reflected in the final model, involving the nodes RV1, RM1, LOF and LAC cortices (Fig. 2a) . Non-recursive relations pose a unique challenge during simultaneous estimation of the model structural coefficients due to an infinite sequence of linear dependencies among nodes. For some regression weights, these dependencies will converge to a set of well-defined relations, thereby exhibiting system stability. To ensure that an adequate level of stability for the network system was achieved (within the range of -1.0 to ?1.0) (Bentler and Freeman 1983; Fox 1980) , we used an instrumental variable design strategy (Heise 1975) . Once implemented, the stability of the recursive loops and the entire system was estimated using the full information maximum likelihood (FIML) estimation algorithm with the invoked ridge regression option (statistical basis for evaluating the stability of the non-recursive path model) (Laird et al. 2008; Bentler and Freeman 1983) . The stability index was observed as 0.431, indicating a mathematically stable solution.
SEM in photosensitive baboons
The number of data points in the PS group was 35 (8 subjects, 2 conditions, 21 rest and 14 ILS trials) with 16 variables: 11 observed, endogenous variables for each ROI and 11 unobserved, exogenous variables representing the error terms loaded onto those ROIs.
Model fit statistics
Measures of model goodness of fit for four levels of specification searches (Table 2) show that while the initial model of only 4 loadings did not fit the data well, additional levels of analysis improved the fit of the model dramatically. This transition possibly reflects the introduction of critical paths during that stage of the analysis. After the fourth round of specification searches, the estimates were calculated and it was determined that the overall final model fit was outstanding (v 2 = 23.659, df = 35, P = 0.927, TLI = 1.385, GFI = 0.806, Overall model goodness improved as more paths were added via specification search. In the CTL group, the first-level cascade contained 6 loadings originating from left and right V1 (Fig. 2a, black paths) . The second-level paths added 10 additional loadings to the model (16 total paths; Fig. 2a , black, striped paths). In the PS group, the first-level cascade still contained 4 loadings originating from left and right V1 (Fig. 2b , black paths). However, the second-level paths added 7 additional loadings to the model (Fig. 2b, black, striped paths) . The third-level paths added 6 additional loadings to the model (Fig. 2b , gray paths), and finally the fourth-level paths added 2 more loadings to the final model (Fig. 2b , gray, striped paths)
df degrees of freedom, P probability of getting as large a discrepancy as occurred with the present sample (P value for testing that the model fits perfectly in the given population). Larger values of P indicate a better fit of the model. RMSEA root mean square error of approximation, TLI tucker lewis index; BIC (0) Bayes information criterion, scaled such that the minimum value for the tested models equals zero; smaller values indicate a higher degree of goodness than larger values. L left, R right, V1 primary visual, SP superior parietal, PT parietotemporal, M1 primary motor, AC anterior cingulate, OF orbitofrontal cortices RMSEA = 0.0000). Recursive loops are present in the final model, involving nodes RV1, RM1 and LPT, and LSP, ROF, and RPT, respectively, as well as reciprocal connections between LSP and RPT or RAC and LPT.
Effective connectivity of the visual system in photosensitive baboons
The effective connectivity of the visual system in the photosensitive baboons as modeled by SEM is shown in Fig. 2b , and regression weights of these paths can be found in Table 3 . Two of three visuomotor connections seen in the CTL group were maintained in first-level pathways of the PS baboons. While the visuomotor connections were less significant in the PS group, particularly from the right occipital lobe, subsequent levels of connectivity demonstrated significance, suggesting either decreased activation or increased inhibition of the visual cortices in response to ILS, or activation of the motor cortices through alternate nodes not included in the model. Surprisingly, effective connectivity diverged between the two groups at the second-level pathways. LM1 was no longer the target of multiple ipsilateral or contralateral, extrastriatal regions. Instead, second-level, anterior-to-posterior, pathways arose from the motor cortices, targeting contralateral posterior regions, such as LPT and RPT, as well as RV1. Third-level connectivity was represented by recursive (LPT to RV1) and reciprocal (RPT and LSP) pathways. Fourth-level pathways demonstrated connectivity between LSP and RAC, and RAC and LPT, respectively. Latency variables were higher in the PS compared to the CTL baboons, suggesting increased connectivity to regions not included in this model (Table 4 ). The stability index was observed as 0.399, indicating a mathematically stable solution.
Discussion
The goal of this study was to evaluate the effective connectivity of the visual pathways of healthy control and Estimate estimate of the standardized regression weight, S.E. standard error of the regression weight, CR critical ratio for regression weight, which is computed by dividing the regression weight estimate by the estimate of its standard error, P level of significance for regression weight photosensitive baboons in response to intermittent light stimulation (ILS) at 25 Hz-the optimal frequency for activation of ictal or interictal discharges in PS baboons (Killam 1979) . The data-driven (i.e., exploratory) structural equation modeling (SEM) implemented in this study developed best-fit models using the functional imaging measurements of cerebral blood flow (CBF). These exploratory models represent theoretical relationships between network nodes involved in the visual system. Although the exploratory SEM approach provided a datadriven model of the visual system's effective connectivity, any causal inferences made by this model should be validated using direct electrophysiological recordings. As the occipital lobes represent the first cortical regions activated by ILS, we expected SEM to reveal cortico-cortical connections downstream from primary visual connections. While the number of regions identified by the model may have been limited by sample size and selection of regions, there were stark differences in effective connectivity between the CTL and PS groups. In the CTL baboons, the model of the physiological activation of the visual network was stabilized at the second level of path iterations. While left and right occipital lobes demonstrated different patterns of connectivity, the left-sided predominance of ROIs reflects increased connectivity within the left hemisphere. The PS group demonstrated similar first-level pathways as the controls, but greater interhemispheric connectivity and frontoparietal connectivity within each hemisphere at subsequent levels as would be expected for a generalzied epileptic network. The model for the PS group required additional levels of model specification prior to stabilization compared to the CTL group (i.e., PS group required testing of four levels of pathways whereas the CTL group only required testing of second-level paths), reflecting a more complex model associated with photosensitivity.
Cerebral blood flow responses in healthy controls
In the CTL animals, the occipital regions demonstrated hemispheric variability in their connectivity, with the right occipital lobe projecting to both motor cortices and the left occipital lobe projecting only ipsilaterally. The predominance of the left-sided interactions was consistent with our previous covariance studies, which demonstrated more widespread left hemispheric cerebral blood flow (CBF) changes correlated to left occipital activation (Szabó et al. 2011) . One possible explanation for this is enhanced connectivity subserving higher integrative functions (i.e., communication or emotion) which may be lateralized to the left hemisphere of baboons (Meguerditchian and Vauclair 2006) . Similarly, more second-level pathways involved the left than the right motor cortex. Covariance analyses in these same baboons demonstrated CBF decreases in the primary motor cortex with increasing occipital CBF, suggesting inhibition of the motor cortices (Szabó et al. 2011) . However, caution must be warranted regarding the interpretation of positive or negative correlations of these pathways, as TMS studies stimulating the primary motor cortices during ILS in healthy humans actually reduced the cortical silence period, suggesting reduced intracortical inhibition (Strigaro et al. 2013 ).
Photoepileptic response
Simultaneous EEG recordings confirmed the activation of photoparoxysmal (PPRs) and photoconvulsive (PCRs, myoclonic seizures) responses in the PS baboons. Nonetheless, connectivity of the visual cortices remained similar between the PS and CTL groups, as did the left hemispheric predominance of the pathways. These findings support that photosensitivity depends upon intact visual pathways. However, compared to the CTL group, PS baboons demonstrated weaker visuomotor connections, particularly related to the right occipital region. This is counterintuitive, as intracranial EEG recording in photosensitive baboons demonstrates ictal and interictal epileptic discharges being activated by ILS in photosensitive baboons . Nonetheless, in contrast to healthy subjects, TMS of the primary motor cortices during ILS in photosensitive patients does not alter the cortical silent period, supporting either an alteration of visuomotor connectivity or evidence of compensatory mechanisms within the larger cortical-subcortical networks (Groppa et al. 2008; Strigaro et al. 2013) . Compensatory mechanisms were suggested by a recent EEG-fMRI study of PPRs in photosensitive JME patients, demonstrating a more prolonged reduction of BOLD signal in the motor cortices and basal ganglia after a brief activation of the striatal/ extrastriatal and motor cortices (Bartolini et al. 2014) . Another explanation for reduced connectivity may be a recently reported reduction of neurons in the primary sensorimotor cortices of epileptic baboons (Young et al. 2013) . Nonetheless, the weakening of visuomotor connectivity did not appear to affect second-level connections arising from the motor cortices. At the second level, the pathways, linking both hemispheres, appeared predominantly anterior to posterior, similar to a synchronization or connectivity pattern described prior to PPR or PCRs in humans (Varotto et al. 2012) . The third and fourth levels of connectivity were represented by reciprocal pathways emanating from the posterior temporal, parietal lobe and anterior cingulate regions, with the recurrent connectivity resulting in further synchronization of both hemispheres. Whether this synchronization represents the activation state prior to the generation of ictal or interictal epileptic discharges or post-discharge inhibition, or reflects a steadystate connectivity between the ictal and interictal epileptic discharges, needs to be addressed by intracranial electrophysiological studies evaluating coherence and synchronization of EEG during visual stimulation.
The only node to be linked at every level of connectivity was the left superior parietal region, reflecting an important role of the underlying intraparietal sulcus in the epileptic network, also supported by functional studies in humans (Parra et al. 2003; Moeller et al. 2009 ) and structural imaging in the baboon (Szabó et al. 2011 ). The intraparietal sulcus represents an important node in the PPR of photosensitive baboons, connecting occipital lobes with the premotor cortices , and may play a modulating role in the generation of photoepileptic responses.
Increased latency variables can arise for several reasons, including bias in ROI selection, over-fitting of the model, and misspecification of the starting point in the model. While SEM, using the same parameters in the CTL baboons, demonstrated that ROIs reflecting the most significant CBF changes satisfied the model, the influence of latent variables was deemed to be limited (Table 3) . Therefore, the high latency coefficients in the PS baboons suggest an important role of other regions not included in the model. Other regions of interest with high connectivity participate in these feedback loops, such as the precuneus, insula or supplementary sensorimotor area (SSMA), all structures that are extensively connected with the frontal, parietal and occipital cortices and which have been associated with CBF changes in EEG-fMRI studies (Bai et al. 2010; Benuzzi et al. 2012) . These regions were not included in our model because they did not demonstrate significant CBF changes during the PPR in earlier conditional contrast and covariance studies (Szabó et al. 2007 (Szabó et al. , 2011 . The thalamus is another structure extensively connected with the frontoparietal cortices, which is typically activated in the setting of prolonged generalized spike-andwave discharges or absence of seizures in humans (Bai et al. 2010; Benuzzi et al. 2012) , and in the setting of sustained repetitive IEDs in the epileptic baboon (FischerWilliams et al. 1968; Szabó et al. 2008; Silva-Barrat et al. 1986 ). However, as most of the PPRs were brief and PCRs were restricted to brief myoclonic seizures in the PS baboons, it is not surprising that the thalamus was not involved or significantly activated. Both in intracranial EEG studies in baboons, and in human EEG-fMRI studies, the thalamus was rarely co-activated in association with discrete PPRs (Moeller et al. 2009; Silva-Barrat et al. 1986) . It is possible, nonetheless, that with a larger sample size, other cortical and subcortical structures that are activated in association with spontaneous IEDs would emerge as nodes of the epileptic network (Szabó et al. 2008 ).
Shortfalls
Some disadvantages of this study compared to recently published human studies include the choice of the imaging modality and the overall need to sedate the animals. While H 2 15 O-PET is more lenient with respect to movement artifact related to motor seizures, it has less spatial and temporal resolution than BOLD-MRI. CBF changes are measured during the ninety-second H 2 15 O-uptake period, averaging CBF either proceeding, during or after ictal or interictal epileptic discharges. It was not conducive for temporally correlating IEDs with CBF as the EEG recording ran on a separate platform. EEG-fMRI may be implemented to evaluate hemodynamic changes independently of ictal or interictal epileptic discharges during rest or ILS (assuming they are infrequent); sorting out CBF contributions due to epileptic discharges may allow differentiation of transient network reconfigurations from steady-state connectivity. Furthermore, ketamine was used to lightly sedate the baboons. As mentioned above, ketamine can alter resting CBF in a dose-dependent fashion (Szabó et al. 2008) , particularly in epileptic baboons. It can also induce IEDs or seizures at low doses (Szabó et al. 2005) . To minimize the depth of sedation, the animal's behavior and EEG were closely monitored. H 2 15 O-PET did allow continuous on-line observation of seizure activity, state changes and the depth of anesthesia, which was previously not feasible on functional MRI platforms. IEDs and myoclonic seizures were quantified during resting and activation scans, and were consistently increased with ILS in the PS baboons. The effect of antiepileptic medications on CBF and connectivity also need to be factored into human imaging studies (Moeller et al. 2009; Kay et al. 2013) .
Advantages
This study employed a steady-state activation protocol, which included 1 min of ILS prior to radionuclide injection to optimize and stabilize the induced CBF signal (Ito et al. 2001) . This method of ILS would be extremely difficult to perform in patients with photosensitive epilepsy, particularly if not medicated. While the weakening of the visuomotor connections could indiscriminately implicate downstream modeling (Kim and Horwitz 2009) , steadystate activation provides a stable platform to evaluate effective connectivity across subsequent levels of pathways associated with photosensitivity.
Conclusions
Structural equation modeling revealed the effective connectivity for the visual network in healthy and photosensitive baboons. In the CTL group, first-level pathways were relatively symmetric, but second-level connections were lateralized to the left hemisphere. While first-level pathways were similar between PS and CTL animals, interhemispheric connectivity was increased in the PS baboons from the second level of pathways onwards. In contrast to electrophysiological studies in photosensitive baboons or humans (Varotto et al. 2012) , PPRs seem to require synchronization of frontoparietal networks beyond the frontorolandic cortices. It is essential for future electrophysiological and/or cortical stimulation studies to confirm the roles and causality of these brain regions (or networks) in the generation or modification of PPR.
